There was usually an increase in the manometrically determined oxygen uptake of rabbit spermatozoa which has previously been subjected to an incubation in the uterus of the doe, and also an increase in aerobic glycolytic activity as estimated by glucose utilization and lactate accumulation. Freshly ejaculated rabbit spermatozoa produced aerobically about as much labelled carbon dioxide from [ 6-14C] gl ucose as from [1-14C]glucose, whereas spermatozoa incubated in utero oxidized [1-14C]glucose at a rate distinctly above that shown by fresh spermatozoa. The time required for the development of these metabolic changes was similar to that required for the capacitation of rabbit spermatozoa. Rabbit spermatozoa maintained in vitro for 2 hr or more at 37\s=deg\C suffered a marked decline in metabolism. The yield of 14CO2 from [1-14C]glucose, however, declined less than that from [6-14C]glucose.
INTRODUCTION
Although it is well recognized that the spermatozoa of some species must spend 2 to 6 hr in the female genital tract before they can penetrate an ovum, i.e. become capacitated, little is known of the biochemical process involved (Austin, 1951 (Austin, , 1952 Chang, 1951 Chang, , 1955 . Hamner & Williams (1963) and Mounib & Chang (1964) have, however, described changes in the metabolism of rabbit spermatozoa after incubation in the uterus of the doe, which they suggest may be associated with capacita¬ tion. This paper is concerned with a critical examination and elaboration of this work. The effects of such factors as spermatozoal numbers, the presence of seminal plasma, time of incubation and the progestational state of the reci¬ pient doe were studied. Comparisons have also been made with ejaculated spermatozoa both fresh and stored in vitro at 37°C.
MATERIALS AND METHODS
Rabbit semen was collected by an artificial vagina using the apparatus of White (1955) . The semen was pooled and, after adding streptomycin and peni¬ cillin (1 mg of each/ml semen), divided into portions designated 'fresh', in utero and in vitro. Metabolic studies were undertaken on the fresh samples within \ hr of collection and on the other two samples after incubation either in the uterus of a doe or in vitro for the same time at 37°C. Does were anaesthetized with Nembutal and the uterus brought up through a mid-abdominal incision and ligated anterior to the cervix. Semen was in¬ jected through a 22-gauge needle into the lumen of the uterus just posterior to the utero-tubal junction and another ligature tied at this site. The uterus was then returned to the abdominal cavity and the incision closed. In Experiment 1, half of the semen intended for injecting into the uterus (1 to 1-5 ml), was heated at 65°C for 10 min to inactivate the spermatozoa and only then injec¬ ted into the left uterine horn (Hamner & Williams, 1963) . The other half, containing live spermatozoa, was injected into the right uterine horn of the same rabbit. In all other experiments a smaller volume of live spermatozoa (0-5 to 0-8 ml/uterus) was injected into both uterine horns.
After spermatozoa had been incubated, the uterus was removed from the anaesthetized doe, trimmed free of fatty tissue and each horn rinsed with 3 volumes of diluent, care being taken to avoid contamination by blood. The diluent was sterile calcium-free Krebs-Ringer phosphate (Umbreit, Burris & Stauffer, 1959) containing penicillin and streptomycin (1 mg of each/ml). Spermatozoa were washed by centrifuging the uterine rinsings or the diluted (1:5) 'fresh' and 'stored' semen samples at 400 g for 10 min (White, 1953) , removing the supernatant and re-dispersing the spermatozoa in fresh diluent.
The 6-ml Warburg flasks contained 4-5^m oles of [1-14C]glucose or [6-14C]glucose (Radiochemical Centre, Amersham, Buckinghamshire) in diluent (0-5 ml), washed spermatozoal suspension (0-5 ml), i.e. the total volume in the main compartment was 1-0 ml, and carbon dioxide-free 20% (w/v) KOH (0-05 ml) in the centre well. The manomètres were filled with air and shaken at 114 strokes/min at 37°C.
Aliquots (1 ml) of spermatozoal suspension before incubation and of the contents of the main part of the flask after incubation were de-proteinized with 0-5 ml 5% (w/v) ZnS04-7H20 and 0-5 ml 0-3 N-Ba(OH)2, and glucose and lactate estimated in the filtrates. Lactate was determined by the enzymatic method of Barker & Britton (1957) . Glucose was estimated by Somogyi's (1952) modification of the Nelson (1944) colorimetrie method or by the specific glucose-oxidase procedure of Huggett & Nixon (1956) .
At the end of the experiment the contents of the centre well of the Warburg flasks were removed quantitatively by washing with C02-free water and the absorbed 14C02 was precipitated as Ba14C03 in the presence of ammonium chloride. The Ba14C03 was collected by filtration on Whatman No. 542 paper as described by Annison & White (1961) and assayed for radioactivity with an end-window Geiger-Müller tube. The counts were corrected for self-absorption by the method of Hendler (1959) .
Spermatozoa and leucocyte counts were made using a haemocytometer. The statistical significance of the results has been assessed by an analysis of variance. The interaction mean square has been used to calculate the standard errors (s.e.) of the differences between means as presented in the tables, and this has been used in i-tests. Initial experiment on the metabolism of labelled glucose by fresh spermatozoa, and by spermatozoa incubated in utero and in vitro Table 1 gives the results of an initial experiment comparing the metabolism of fresh rabbit spermatozoa, of spermatozoa incubated in the uterus of a doe for 6 hr and of spermatozoa stored in vitro at 37°C for the same time.
The oxygen uptake of spermatozoa incubated in utero in this experiment was significantly lower than that of fresh spermatozoa ; glucose utilization and lactate accumulation, however, were enhanced. The 14C02 arising from [1-14C]glucose after incubating spermatozoa in utero was slightly greater than that produced by fresh spermatozoa, but the 14C02 from [6-14C]glucose was greatly reduced. The ratio of 14C02 yields from [6-14C]glucose and [1-14C]glucose was, therefore, much less (0-69) than the ratio for fresh spermatozoa Values represent the means of four ejaculates. Fifty micromillicuries of substrate were added to each flask. The numbers of spermatozoa ( 108)/flask were: fresh, 41 to 6-7; in utero incubated, 0-8 to 2-5; in vitro incubated, 2-4 to 3-9. All values are calculated/10s spermatozoa/3 hr. s.e. = standard error of the difference between means. * Significantly different from fresh, P<005. ** Highly significantly different from fresh < 0-01.
(about 1 ). The spermatozoa incubated in vitro had little metabolic activity and their oxygen uptake, glucose utilization and lactate accumulation were very much less than that of fresh spermatozoa or of spermatozoa incubated in utero.
The yield of 14C02 from [1-14C]glucose was greater than that from [6-14C]glucose, but both yields were low; the ratio of 14C02 from the two substrates was 0-55.
In this experiment an attempt was made to estimate the oxygen uptake due to leucocytes in the rinsings of the uterus by inactivating the spermatozoa with heat before injecting semen into the left uterine horn, the right horn containing the live spermatozoa. The oxygen uptake proved to be negligible due to the small number of leucocytes present (0 25 to 0-17 108/flask). Leucocyte counts were, however, always made on the flask contents at the end of subsequent experiments.
Effect of washing and of reduced number ofspermatozoa Since rabbit seminal plasma contains a decapacitating factor (Chang, 1957; Bedford & Chang, 1962; Weinman & Williams, 1964) which could conceivably affect spermatozoa in utero, washed and unwashed spermatozoal suspensions were incubated in opposite uterine horns and their metabolism compared with fresh spermatozoa. The volume of semen was reduced to prevent disten¬ sion of the uterus, and the specific activity of the labelled glucose was increased ten-fold to compensate for the small number of spermatozoa. Table 2 shows that under these conditions it was possible to demonstrate a stimulation of oxygen uptake as well as glucose utilization and lactate produc¬ tion after the spermatozoa had been incubated for 6 hr in the uterus of an oestrous rabbit. The yields of labelled carbon dioxide were again very much Values are the means of three ejaculates. Five hundred micromillicuries of substrate were added to each flask. The numbers of spermatozoa (x 108)/flask were: fresh, 1-9 to 4-0; in utero incubated, 0-8 to to 2-3. All values are calculated/108 spermatozoa/2 hr. s.e. = Standard error of the difference between means. * Significantly different from fresh, <005. ** Highly significantly different from fresh, P< 001. greater from [1-14C]glucose than from [6-14C]glucose. Washing the sperma¬ tozoa free of seminal plasma before placing them in the uterus did not influence the metabolic response and in all further experiments whole semen was used, keeping the number of spermatozoa incubated in the uterus as low as practicable.
Effect of duration of aerobic incubation in Warburgflasks
In the experiments described above, the various measurements of metabolic activity had been made at the end of the whole 3-hr period of aerobic incuba¬ tion in Warburg flasks. In the experiment to be described below, smaller volumes of semen were introduced into the uterus and all measurements were made at the end of 1, 2 and 3 hr of aerobic incubation in the manometer. It was O. ca felt, in particular, that the length of incubation period might influence the ratio of 14C02 produced from [1-14C]glucose and [6-14C]glucose. Tables 3   and 4 show that the oxygen uptake, glucose utilization and lactate accumu¬ lation at 1, 2 and 3 hr were all higher in spermatozoa which, before the manometric experiment, were incubated for 6 hr in utero and that they were all depressed after an equal period of storage in vitro. However, the response of ejaculates was variable. The metabolic activity of spermatozoa was clearly greatest over the 1st hr, fell off during the 2nd hr and was very much reduced during the 3rd hr of the manometric experiment. The ratio of yields of 14C02 from [6-14C]glucose and [1-14C]glucose were again low for spermatozoa after incubation in utero and in vitro, but for different reasons, as can be seen by Table 6 the effect of in-utero incubation in a progesterone-treated and oestrous doe on the subsequent metabolism of labelled glucose by rabbit spermatozoa comparing the yields of 14C02 with the fresh samples. The low ratio after incubation in utero was due to a stimulation of the oxidation of the 1-C atom, the yields of 14C02 from the 6-C atom remaining about the same as the fresh.
On the other hand, the low ratio after incubation in vitro was due to a lesser decline in the oxidation of the 1-C atom relative to the 6-C atom.
Effect of incubation time in utero and in vitro
Since the time required for the capacitation of rabbit spermatozoa is about 6 hr, it was of interest to study the metabolic changes in spermatozoa which had been previously incubated in utero for up to 6 hr. Table 5 gives the results of an experiment in which the metabolism of fresh rabbit spermatozoa was compared with that of spermatozoa incubated in utero and in vitro for periods of 2, 4 and 6 hr. In view of the results obtained in the previous experiment the incubation period in the Warburg flask was reduced for convenience from 3 to 2 hr.
The greatest increase in the oxygen uptake and aerobic glycolysis took place in spermatozoa which before the manometric experiment were subjected to between 4 and 6 hr of incubation in utero, although some stimulation of glucose breakdown, lactate production and the yield of labelled C02 from [1-14C]glucose was evident even in spermatozoa which spent previously 2 hr in utero. Spermatozoa incubated in vitro showed a considerable drop in all metabolic activity after 2 hr and further deterioration after 4 and 6 hr.
Effect of injecting progesterone into the doe
In view of Chang's (1958) report that capacitation of spermatozoa does not take place in the progesterone-dominated uterus of the rabbit, a comparison was made between the metabolism of freshly ejaculated spermatozoa, sperma¬ tozoa incubated in the uterus of oestrous rabbits and spermatozoa incubated in the uterus of rabbits injected subcutaneously with 25 mg of progesterone in oil 3 days before (Table 6) .
Although the stimulation of metabolism after incubating spermatozoa in the uterus was not as great as in some previous experiments, it is clear that the spermatozoa recovered from the uterus of progesterone-treated does showed, if anything, increased rather than reduced rates of oxygen uptake, glucose utiliza¬ tion, lactate production and 14C02 production from [l-14C]glucose.
DISCUSSION
The finding of a rise in the oxygen uptake of rabbit spermatozoa which were recovered after incubation in the uterus of the oestrous doe and examined manometrically, confirms the previous reports of Hamner & Williams (1963) and Mounib & Chang (1964) . In only one experiment in the series was the oxygen uptake of the spermatozoa less after incubation in utero (Table 1 ) and this was an initial study in which the surgical technique had not been fully developed and the large volume of semen caused distension of the uterus. Hamner & Williams (1964a, b) have produced evidence that bicarbonate in oviduct fluid stimu¬ lates the respiration of rabbit spermatozoa in vitro. If bicarbonate is involved in the present experiments, however, its effect must persist after it has been removed, since all spermatozoal suspensions were washed before commencing the manometric experiments and the centre well of the Warburg flasks con¬ tained KOH to absorb carbon dioxide. Although the respiration of sper¬ matozoa which had been incubated in utero decreased after the first hour in the Warburg flasks this was also true of the fresh spermatozoa samples and there was little evidence that spermatozoa age more quickly after being taken from the uterus (Mounib & Chang, 1964) .
The aerobic glycolysis of spermatozoa which had been incubated in utero, as estimated by glucose utilization and lactate production, was also consistently greater than that of fresh spermatozoa, which is in agreement with the results of Mounib & Chang (1964) . However, our data do not support their finding that the glucose utilized by fresh spermatozoa and by spermatozoa incubated in utero was far greater than could be accounted for by the lactate produced and the C02 evolved.
The technique of assessing pentose shunt activity by measuring the 14C02 yields from the metabolism of [l-14C]glucose and [6-14C]glucose has been applied to many tissues (cf. Bloom & Stetten, 1953) and the assumptions and limitations are discussed by Wood (1955) and Wood, Katz & Landau (1963) . Since ejaculated rabbit spermatozoa, like those of the ram and bull (Scott, White & Annison, 1962) produced about as much labelled carbon dioxide from [6-14C]glucose as from [l-14C]glucose, the sugar is presumably metabo¬ lized almost exclusively through the Embden-Meyerhof pathway. In such a system the 1-14C and 6-14C of glucose have equal chances of forming the methyl group of pyruvic acid and consequently give the same amount of 14C02 when oxidized in the citric acid cycle. However, incubation of spermatozoa in the uterus appears to increase their potential for the oxidation of glucose in 1-C position; compared with fresh spermatozoa, they show a decreased ratio of 14C02 yields from the metabolism of [6-14C]glucose and [1-14C]glucose. These results agree with those of Mounib & Chang (1964) and suggest, in our view, some enhancement of pentose shunt activity in sperma¬ tozoa incubated in utero, although the proportion of glucose being metabolized through the shunt appears small when calculated as specific yields (Wood et al. 1963) . Unlike previous workers, we have provided an additional control in most experiments consisting of neat semen maintained at 37°C for the same period as semen incubated in utero, in order to be quite sure that any metabolic changes are specifically related to the effect of incubation in the uterus. As might be expected, spermatozoa maintained in vitro for 2 hr or more at body tem¬ perature suffered a marked decline in aerobic glycolysis and respiration. The yield of 14C02 from [6-14C]glucose, however, declined more than that from [l-14C]glucose so that the ratio of the yields, as with spermatozoa previously incubated in utero, was considerably less than that of fresh spermatozoa. This suggests, in our view, that the pentose phosphate pathway may be more resis¬ tant to senescence changes and becomes relatively more important after sperma¬ tozoa have been stored in vitro at 37°C ; it may also explain reports that some samples of bull spermatozoa show pentose shunt activity (Flipse, 1956) .
Since rabbit spermatozoa require about 6 hr to become capacitated in the uterus (Chang, 1955) it is tempting to suggest that the metabolic changes observed in our experiments are actually associated with the process of capaci¬ tation. If such metabolic changes are, however, a necessary pre-requisite for capacitation, the injection of progesterone might well have been expected to prevent them, since this treatment has been shown to inhibit capacitation of spermatozoa in the rabbit uterus (Chang, 1958) . Again, if the metabolic changes are closely linked with capacitation, the presence of seminal plasma in the uterus might also have been expected to prevent such changes since seminal plasma contains a decapacitating factor (Chang, 1957; Bedford & Chang, 1962; Weinman & Williams, 1964) .
The stimulation in metabolism after incubation in utero is unlikely to be due to contaminating leucocytes since the numbers present were too low to account for the changes. Bacterial contamination is also excluded, since antibiotics were included in all diluents and the metabolic activity decreased with in¬ creasing time of incubation in the Warburg flasks. The reverse effect would be expected if the stimulation was due to the proliferation of bacteria (White, 1953) .
